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We investigated the bifurcation structure on the self-propelled motion of a camphor rotor at a
water surface. The center of the camphor rotor was fixed by the shaft, and it showed rotational
motion around the shaft. Due to the chiral asymmetry of its shape, the absolute values of the
angular velocities in clockwise and counterclockwise directions were different. This asymmetry in
the angular velocities implies an imperfect bifurcation. From the numerical simulation results, we
discuss the condition for the occurrence of the imperfect bifurcation.
I. INTRODUCTION
Recently, many kinds of self-propulsion systems have
been reported [1–6]. There are two types of the way
for the emergence of self-propulsion; One way is the
destabilization of the rest state owing to the sponta-
neous symmetry breaking. The other way to induce the
self-propulsion originates from the intrinsic asymmetry,
which determines the direction of the motion. For ex-
ample, a symmetric self-propelled droplet shows trans-
lational motion triggered by chemical or thermal fluc-
tuations [7–13], while a self-propelled particle with an
anterior-posterior asymmetry shows translational motion
in a predetermined direction [14–18]. The mechanism
of the motion of a symmetric self-propelled particle can
be formulated by the bifurcation theory in dynamical
systems. Several bifurcation structures in experimental
self-propulsion systems have been reported [19–25]. It is
known that when a slight asymmetry is introduced into
a symmetric dynamical system, its bifurcation structure
becomes asymmetric, and is called an imperfect bifurca-
tion [26]. An imperfect bifurcation can occur in a self-
propelled system [27], but it has not been reported yet
in experimental systems.
When the center of a self-propelled particle is fixed,
it can rotate. Here, we call such a self-propelled parti-
cle a “rotor”. A rotor with chiral symmetry can rotate
through a spontaneous symmetry breaking [28–33]. On
the other hand, the one with a chiral asymmetry rotates
in a preferred direction [34–39]. We adopt the motion
of such a rotor to investigate the effect of the symmetric
property on the self-propulsion, because we can obtain
sufficient experimental data without considering the fi-
nite system size.
As the rotor system where the chiral asymmetry is con-
tinuously introduced into a symmetric shape, we consider
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FIG. 1. Representative shapes of the propeller-shaped cam-
phor rotors. The mathematical expressions of them are shown
in Eq. (1). Here, we set a3 = 0.5 and a6 = 0.1. The black
points represent the centers.
a propeller-shaped rotor, whose shape is described as
r =f(θ)
=R
[
1 + a3 cos 3θ + a6 cos 6
(
θ −
πp
3
)]
(1)
in two-dimensional polar coordinates (r, θ). Several ex-
amples of the shape are shown in Fig. 1. The parameter
p takes a value in [0, 1), and corresponds to the chirality
of the rotor; The rotor has no chiral asymmetry for p = 0
and 0.5. Between p = 0 and 0.5, the chirality of the rotor
continuously changes. Since the shapes of the particles
for p and 1 − p are in mirror symmetry, the magnitudes
of chiralities of the rotors are the same though the signs
of them are opposite.
To experimentally realize the rotor whose shape is de-
scribed in Eq. (1), we adopted a camphor-water system
since the shape of the camphor is easily controlled. The
camphor-water system is one of the typical examples of
self-propulsion systems, where a camphor particle ex-
hibits the spontaneous motion at a water surface [34, 40–
44]. The driving force of the camphor particle originates
from the surface tension; When the particle is floated at
a water surface, it releases camphor molecules around.
Then, the camphor molecules reduce the surface tension
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FIG. 2. Schematic illustration of the experimental setup. The
propeller-shaped rotor has a circular hole at the center for the
shaft.
of water [45–47]. It is reported that a symmetric cam-
phor disk moves in a certain direction through sponta-
neous symmetry breaking [23–25, 48, 49], while a cam-
phor boat, a plastic plate attached with a camphor disk
at its rear, moves in a direction determined by the config-
uration of the boat [50–52]. Camphor can be soaked into
gel [53] or filter paper [54] using solvents such as methanol
or ethanol. Arbitrary shapes can be cut out from the gel
sheet or filter paper, and thus the shape of the camphor
particle can be easily designed. We made camphor ro-
tors with both the chirally symmetric and asymmetric
shapes as described in Eq. (1) using filter paper, and in-
vestigated the transition between the motion through a
spontaneous symmetry breaking and that in a predeter-
mined direction.
In the present paper, we investigated the rotational
motion of a propeller-shaped camphor rotor. It can ro-
tate both clockwise (CW) and counterclockwise (CCW),
but it cannot exhibit translational motion because its
center is fixed. The chirality of the rotor shape was pa-
rameterized, and we experimentally investigated the ef-
fect of the chirality on the rotational motion of the rotor.
The angular velocities in CW and CCW directions were
different when the camphor rotor was chirally asymmet-
ric. This result implies the imperfect bifurcation. To
investigate the detailed structure of the imperfect bifur-
cation, we numerically studied the dynamics of the cam-
phor rotor using a mathematical model, in which the
rotational motion is coupled with the dynamics of the
concentration field of the camphor molecule at a water
surface.
II. EXPERIMENTS
Filter paper (Whatman 1440-240, GE Healthcare Life
Science, UK) was cut out into a propeller shape with a
hole at its center by a cutting machine (ScaNCut CM300,
Brother, Japan). The propeller-shaped filter paper was
soaked into 0.3 M camphor methanol solution, which was
prepared with camphor and methanol purchased from
Wako, Japan. Then it was dried for 600 s in the atmo-
sphere, during which the methanol in filter paper mostly
evaporated but camphor remained [54, 55]. Then, it
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10 mm
FIG. 3. Sequent snapshots of the propeller-shaped camphor
rotor, which was rotating in CW or CCW direction. The
parameter p was set to be (a) 0 and (b) 0.625. The red (gray)
dots were added to the snapshots to indicate the same position
on the rotor. The times in the left panels correspond to those
in Fig. 4.
was floated at a water surface in a petri dish (radius:
230 mm), as shown in Fig. 2. The center of the propeller-
shaped camphor rotor was fixed by the shaft (radius:
2.5 mm) made with a 3D printer (UP! Plus2, OPT Tech-
nologies, Japan). The behavior of the rotor was recorded
with a digital video camera (IVIS HV30, Canon, Japan)
from above. All the experiments were carried out at room
temperature.
The configuration of the propeller-shaped camphor ro-
tor was described in Eq. (1). Here we set a3 = 0.5 and
a6 = 0.1 and adopted p = n/8 (n = 0, · · · , 7) (see Fig. 1).
The mean radius of the camphor rotor R was set to be
R = 10 mm. The radius of the hole at the center of
the camphor rotor was 2.75 mm so that the camphor ro-
tor could rotate freely but not change the position of its
center.
When the camphor rotor was floated at a water sur-
face, it began to rotate spontaneously. After about 90 s
from the start of the rotation, the rotational direction
was changed by picking the rotor manually with tweez-
ers. Such operation was repeated every ca. 60 s. The
snapshots of the camphor rotor are shown in Fig. 3. The
angular velocity of the rotor was obtained by the image
processing with ImageJ (NIH) [56]. The detailed proce-
dure of image processing is shown in Appendix A. The
time evolution of the angular velocities is shown in Fig. 4.
The angular velocity was relaxed to the terminal value in
ca. 10 s after the particle started to rotate, and thus the
angular velocity was averaged for 20 s before changing
the rotational direction to obtain the terminal angular
velocity ωf . The experiments were repeated twice for
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FIG. 4. Time series of the angular velocities of the propeller-
shaped camphor rotor. The parameter p was set to be (a)
0 and (b) 0.625. The data correspond to the snapshots in
Fig. 3. The data in the gray regions (20 s intervals) were used
for the calculation of the averaged angular velocities in Fig. 5.
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FIG. 5. (a) Terminal angular velocities of the propeller-
shaped camphor rotor and (b) absolute values of them for
each p. Red filled circles and blue open circles correspond to
CW and CCW rotations, respectively. The angular velocity
was averaged for 20 s before the camphor rotor changed its
rotational direction. The data at p = 1 are identical with
those at p = 0.
each p. The terminal angular velocities for each p are
plotted in Fig. 5. When the camphor rotor was chirally
symmetric, i.e., the cases for p = 0 and 0.5, the absolute
values of the angular velocities in CW and CCW rota-
tions were almost the same. On the other hand, when
the rotor was chirally asymmetric, the angular velocities
in CW and CCW rotations were different.
III. MODEL
We adopt the following mathematical model describ-
ing the dynamics in the present experimental system
based on the previous studies [23, 44]. The camphor
surface concentration u and the rotational motion of the
propeller-shaped camphor rotor characterized by an an-
gle θc are considered in a two-dimensional system.
The time evolution equation of the camphor surface
concentration u(r, t) is described based on the dynamics
of the diffusion, evaporation and supply from the rotor,
which is described as:
∂u
∂t
= D∇2u− au+ S(r;u, θc), (2)
where D is the diffusion coefficient, and a is the evapo-
ration rate of the camphor molecules. It should be noted
that we regard D as the “effective diffusion coefficient”
including the transport by the Marangoni flow that is
induced by the surface tension gradient [47, 57]. The
function S(r;u, θc) is the supply from the camphor ro-
tor, which is described as:
S(r;u, θc) =bΘ(r; θc) (U0 − u(r, t)) . (3)
Here, b is the characteristic time scale of the dissolution
of camphor molecules, and U0 is the saturated concen-
tration. Θ(r; θc) is a smoothed step function described
as
Θ(r; θc) =
1
2
[
1 + tanh
(
−
d(r; θc)
δ
)]
, (4)
where δ is a positive small parameter corresponding to
the smoothing length. The function d(r, θc) is the signed
distance from the periphery of the camphor rotor, which
is defined as
d(r; θc) =


min
0≤φ<2pi
|r − f(φ− θc)er(φ)|, r /∈ Ω(θc),
− min
0≤φ<2pi
|r − f(φ− θc)er(φ)|, r ∈ Ω(θc).
(5)
Here, Ω(θc) denotes the region covered with the
propeller-shaped camphor rotor characterized by the an-
gle θc:
Ω(θc) = {r = rer(θ)|r ≤ f(θ − θc)} . (6)
The dynamics of the rotational motion of the camphor
rotor is described as
I
d2θc
dt2
= −ηr
dθc
dt
+N, (7)
where I is the moment of inertia of the camphor rotor, ηr
is the friction coefficient on the rotational motion, and N
is the torque originating from the surface tension [44, 58].
The torque is explicitly calculated as [58]
N =
∫
∂Ω(θc)
r
′ × γ(u(r′))en(r
′)dℓ′ (8)
=
∫
Ω(θc)
r
′ ×∇r′γ(u(r
′))dr′. (9)
4Here, γ(u) is a function that describes the relation be-
tween the surface tension and camphor surface concentra-
tion, ∂Ω(θc) is the periphery of the region Ω(θc), ∇r′ is
the vector differential operator with respect to r′, en(r
′)
is a normal unit vector of the periphery of the particle at
r
′, and dℓ′ is the arc element of ∂Ω(θc). For simplicity,
we assume a linear relation between the concentration u
and the surface tension γ(u) as
γ(u) = γ0 − Γu, (10)
where γ0 is the surface tension of pure water, and Γ is a
positive coefficient.
IV. NUMERICAL CALCULATION
We performed numerical calculations on the rotation
of a propeller-shaped camphor rotor based on the math-
ematical model. We introduced the co-rotating frame
with an angular velocity ω = dθc/dt, where the supply
area of the camphor molecules does not move. The time
evolution of the concentration field is described as
∂u
∂t
= ω
∂u
∂θ
+D∇2u− au+ S(r;u, 0). (11)
Equation (7) can be described with ω instead of θc as:
I
dω
dt
= −ηrω +N. (12)
Thus, the time evolutions of u and ω were numerically
calculated.
The parameters of the rotor shape in Eq. (1) were set
as a3 = 0.5 and a6 = 0.1, which are the same as these
in the experimental setup. The other parameters were
D = 1, a = 0.1, b = 10, U0 = 0.3, I = 0.01, δ =
0.1, and R = 1. The rotor was set at the center of the
system. The concentration field in a circular region with
a radius of 10 was considered, which was sufficiently large
compared with the rotor size. The Neumann boundary
condition was adopted at the region boundary. The mesh
size was set to be ∆x = 0.1, and we adopted an explicit
method for time development with the time step of ∆t =
10−4. As the initial condition, we set ω = ±1, and the
concentration field u(r, 0) to be zero. First, we fixed ω
and only calculated the time evolution of u for 0 ≤ t <
1 in order to stabilize the rotation in the given initial
direction. Then, the time evolution of ω was calculated
together with the time evolution of u. When |dω/dt|
became less than 10−5 and the maximum value of |∂u/∂t|
became less than 10−6, the angular velocity was regarded
to be saturated and was defined as the terminal angular
velocity ωf .
Figure 6 shows the time series of the angular velocity
ω for the symmetric (p = 0) and asymmetric (p = 1/4)
camphor rotors. In the case of the symmetric camphor
rotor, the angular velocity ω converged to zero for the
larger friction coefficient ηr, while it converged to the fi-
nite values with different signs depending on the initial
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FIG. 7. Bifurcation diagram on the terminal angular velocity
ωf versus the friction coefficient ηr. The parameter p was set
to be (a) 0, (b) 1/8, (c) 1/4, (d) 3/8, (e) 1/2, (f) 5/8, (g) 3/4,
and (h) 7/8. The results for the two initial conditions ω = ±1
are simultaneously plotted.
angular velocity for the smaller ηr. The absolute values
of the angular velocities were the same for both the ro-
tational directions. In contrast, in the case of the asym-
metric camphor rotor, the angular velocity converged to
a non-zero value even for the larger ηr. For the smaller
ηr, the angular velocity converged to the finite values
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FIG. 8. Terminal angular velocity versus p. (a) Terminal an-
gular velocity ωf for each p. (b) Absolute value of terminal
angular velocity |ωf | for each p. Red and cyan plots corre-
spond to the CCW (positive) and CW (negative) rotations,
respectively. ηr was set to be ηr = 0.015.
with different signs depending on the initial rotational
direction. The absolute values of the terminal angular
velocities were different from each other.
Figure 7 shows the bifurcation diagram between ηr and
ωf . In the case of the symmetric camphor rotor (p = 0
and p = 1/2), the supercritical pitchfork bifurcation was
observed. In contrast, the imperfection of the supercriti-
cal pitchfork bifurcation was observed for the asymmetric
propeller-shaped camphor rotors. For the larger friction
coefficient, the camphor rotor could rotate only in one
direction with a small angular velocity. Here, we call
the rotational direction as a preferable direction. For the
smaller friction coefficient, the camphor rotor could ro-
tate in both directions, but the angular velocity for the
rotation in the preferable direction was greater than that
in the unpreferable direction. By increasing the friction
coefficient ηr, the branch for the rotational motion in
the unpreferable direction became unstable, where the
saddle-node bifurcation was expected to occur.
The terminal angular velocity ωf is also plotted against
p in Fig. 8. Here, the friction coefficient ηr is fixed so that
the rotations in both directions are stable. These results
well reproduce the experimental results shown in Fig. 5.
To exemplify the bifurcation structure including the
unstable steady states, we calculated the converged con-
centration field u with a given fixed angular velocity ω.
We defined that the concentration field was converged
when the maximum value of |∂u/∂t| became less than
10−6. For the existence of the converged concentration
field as the steady state, the friction coefficient ηr should
satisfy the following relation:
ηr =
N
ω
. (13)
We calculated the torque N from the converged concen-
tration field u, and obtained the friction coefficient ηr
satisfying the relation in Eq. (13). By changing the an-
gular velocity ω, the bifurcation diagram between ηr and
ω was obtained as shown in Fig. 9. In this method, both
the stable and unstable steady states can be obtained,
and Fig. 9 illustrates the structure of the imperfect bifur-
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FIG. 9. Bifurcation diagram by calculating the steady state
for a given fixed angular velocity ω. The parameter p was
set to be (a) 0, (b) 1/8, (c) 1/4, (d) 3/8, (e) 1/2, (f) 5/8,
(g) 3/4, and (h) 7/8. The bifurcation diagram includes both
stable and unstable steady state solutions. The branch of the
solution ω = 0 should exist for p = 0 and p = 1/2 owing to
the symmetric property though it cannot be displayed with
this method.
cation more clearly than Fig. 7, especially for the saddle-
node bifurcation structure seen in the cases of the chirally
asymmetric rotors. Note that the branch of the solution
ω = 0 should exist for p = 0 and p = 1/2 owing to the
symmetric property though it cannot be calculated with
this method.
V. DISCUSSION AND SUMMARY
The source term in Eq. (3) for the concentration field
represents that the concentration field is saturated at U0.
In the previous studies [23, 44], such saturation was not
considered, and more simple source term was adopted:
S˜(r; θ) =
S0
A
Θ(r; θc), (14)
where S0 is the total supply per unit time and A is the
area of the camphor rotor. We also attempted the numer-
ical calculations using Eq. (14). Here, we set S0 = 1, and
the other equations and the numerical method were the
same as in Secs. III and IV. We obtained the bifurcation
diagram of the terminal angular velocity ωf versus the
friction coefficient ηr as shown in Fig. 10. In the current
case, the supercritical pitchfork bifurcation was observed
for all p, which is qualitatively different from Fig. 7. The
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FIG. 10. Bifurcation diagram on the terminal angular velocity
ωf versus the friction coefficient ηr. The parameter p was set
to be (a) 0, (b) 1/8, (c) 1/4, (d) 3/8, (e) 1/2, (f) 5/8, (g)
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ω = ±1 are simultaneously plotted. This result is comparable
with Fig. 7. The difference in the setup between this figure
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FIG. 11. Terminal angular velocity versus p. (a) Terminal
angular velocity ωf for each p. (b) Absolute value of termi-
nal angular velocity |ωf | for each p. The plots for both the
rotational directions were overlapped. Red and cyan plots
correspond to the CCW (positive) and CW (negative) rota-
tions, respectively. The friction coefficient ηr was set to be
ηr = 0.012. This result is comparable with Fig. 8. The differ-
ence in the setup between this figure and Fig. 8 is the form
of the source term for the concentration field.
terminal angular velocity ωf against p was also obtained
as in Fig. 11. As seen in Fig. 11(b), the absolute values
of the angular velocities for both rotational directions
were the same, which is also qualitatively different from
Fig. 8(b).
The reason why the imperfect bifurcation does not oc-
cur can be explained theoretically. We prove that the
torques originating from the surface tension in CW and
CCW rotations are the same when we adopt Eq. (14) as
the source term. This statement is true even if the rotor
shape is asymmetric, and thus, the imperfect bifurcation
cannot occur. The details of the theoretical analysis are
shown in Appendix B.
The numerical and theoretical results for the source
term in Eq. (14) indicate that the nonlinearly in the
equations is important to cause the imperfect bifurca-
tion. Actually, the imperfect bifurcation occurs when the
dependence of the surface tension on the camphor con-
centration in Eq. (10) is changed to be nonlinear even
though the source term in Eq. (14) is adopted (data not
shown). More detailed conditions for the occurrence of
the imperfect bifurcation should be explored in future
work.
In this study, we experimentally realized the self-
propulsion system in which the imperfect bifurcation oc-
curs. We designed a propeller-shaped camphor rotor sys-
tem, where the rotor could only exhibit CW or CCW
rotational motion by fixing the center. By adding the
perturbation using tweezers, the propeller-shaped cam-
phor rotor showed the rotations in both directions. We
experimentally confirmed the different absolute values of
the angular velocities between CW and CCW directions
for the chirally asymmetric rotors, which implies the im-
perfect bifurcation. We also investigated the structure of
the imperfect bifurcation by numerical calculation. We
numerically reproduced the different absolute values of
the angular velocities for CW and CCW rotations in the
case of the chirally asymmetric rotors. By scanning the
friction coefficient, the structure of imperfect bifurcation
in the stable angular velocities was also revealed.
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Appendix A: Detailed procedure on the analyses of
the experimental results
In each experiment, we recorded the video of the
whitish propeller-shaped camphor rotor from above, and
transformed it into the monochronic version. Then we
subtracted the background image, which was obtained by
7detecting the minimum (darkest) value over time at each
pixel, and achieved the binarized video in which the re-
gions for the propeller-shaped rotor were extracted. Here
we represent the binarized image F(x, y), which has 1 in-
side the region of the propeller-shaped rotor, and 0 oth-
erwise, where (x, y) indicates the coordinates of a pixel
in the analyzed images.
First, we calculated the center of mass of the propeller-
shaped camphor rotor, (X,Y ), as follows:
X =
1
A
∫
xF(x, y) dxdy, (A1)
Y =
1
A
∫
yF(x, y) dxdy, (A2)
where A is the area defined as
A =
∫
F(x, y) dxdy. (A3)
Then, we calculated the values
c3 =
1
A
∫
F(x, y)
(x −X)3 − 3(x−X)(y − Y )2
[(x−X)2 + (y − Y )2]
3/2
dxdy,
(A4)
and
s3 =
1
A
∫
F(x, y)
3(x−X)2(y − Y )− (y − Y )3
[(x −X)2 + (y − Y )2]
3/2
dxdy.
(A5)
Using these values, the characteristic angle θc is calcu-
lated as
θc =
1
3
arctan
s3
c3
. (A6)
The present procedure is validated as follows: We
set the function representing the shape of the propeller-
shaped rotor in the two-dimensional polar coordinates as
in Eq. (1). Using it, c3A and s3A are calculated as
c3A =
πR2
2
r3 (2 cos 3θc + r6 cos(3θc + 2πp)) , (A7)
s3A =
πR2
2
r3 (2 sin 3θc + r6 sin(3θc + 2πp)) . (A8)
Then, arctan(s3/c3) is obtained as
arctan
s3
c3
= 3θc + arctan
(
r6 sin(2πp)
2 + r6 cos(2πp)
)
. (A9)
Therefore, θc is obtained as
θc =
1
3
arctan
s3
c3
−
1
3
arctan
(
r6 sin(2πp)
2 + r6 cos(2πp)
)
. (A10)
The second term does not affect the results of the angular
velocity ω, since it is constant.
Appendix B: Theoretical analysis
In this section, we explain why the imperfect bifurca-
tion does not occur in the case with the source term in
Eq. (14). For simplicity, we consider the sharp shape,
i.e., δ in Eq. (4) is infinitesimally small, δ → +0. In this
case, Eq. (14) is expressed as follows:
S˜(r; θc) =
{
S0
A
, r ∈ Ω(θc),
0, r /∈ Ω(θc).
(B1)
In the analysis, we use the dimensionless form of
the mathematical model, where the spatial, temporal,
and concentration scales are chosen as
√
D/a, 1/a, and
S0/(aA), respectively. Then, Eqs. (2) and (B1) are de-
scribed as
∂u
∂t
= ∇2u− u+ S˜(r, θc), (B2)
S˜(r; θc) =
{
1, r ∈ Ω(θc),
0, r /∈ Ω(θc).
(B3)
First, we consider the stationary state of the concen-
tration field. The solution u0 for the stationary state
satisfies the following equation:
0 = ∇2u0(r)− u0(r) + S˜(r; θc). (B4)
The Green’s function G(r) of Eq. (B4) is defined as
0 = ∇2G(r)−G(r) + δ(r), (B5)
which also satisfies
G(r) = G(−r). (B6)
Using the Green’s function, the solution u0(r) is de-
scribed as:
u0(r) =
∫
Ω(θc)
G(r − r′)dr′. (B7)
The torque N0 originating from the surface tension de-
pending u0 is calculated as follows:
N0 =− Γ
∫
Ω(θc)
r
′ ×∇′u0 dr
′
=− Γ
∫
Ω(θc)
∫
Ω(θc)
r
′ ×∇′G(r′′ − r′)dr′′dr′
=−
Γ
2
∫
Ω(θc)
∫
Ω(θc)
(r′ − r′′)×∇′G(r′′ − r′)dr′′dr′
=0. (B8)
Here, we used Eq. (B6), ∇′G(r′′−r′) = −∇′′G(r′′−r′),
and that ∇′G(r′′ − r′) is parallel to (r′′ − r′). Thus, if
the camphor rotor is stopped, then the torque originating
from the surface tension is zero even though the rotor has
an asymmetric shape.
8When the camphor rotor rotates with a constant an-
gular velocity ω, the concentration field u satisfies the
equation:
−ω
∂u(r)
∂θ
= ∇2u(r)− u(r) + S˜(r; θc). (B9)
Here, u is expanded with regard to ω,
u(r) =
∞∑
n=0
ωnun(r). (B10)
The concentration field of the 0-th order u0 satisfies
0 = ∇2u0 − u0 + S˜(r; θc), (B11)
whereas the concentration field of the n-th order un (n ≥
1, n ∈ N) satisfies
−
∂un−1
∂θ
= ∇2un − un. (B12)
The solutions for Eqs. (B11) and (B12) are calculated as
u0(r) =
∫
R2
G(r − r′)S˜(r′; θc)dr
′, (B13)
un(r) =
∫
R2
∂un−1
∂θ′
G(r − r′)dr′. (B14)
Using the expressions in Eqs. (B13) and (B14), the ex-
plicit forms of un is obtained as:
un(r) =
∫
R2
· · ·
∫
R2
G(r − r0)
×
n∏
k=1
[
∂
∂θk
G(rk−1 − rk)
]
S˜(rn; θc)drn · · · dr0. (B15)
Since the concentration field u is expanded with regard
to the angular velocity ω, and the torque N in Eq. (9) is
linear for the concentration field u, the torque N is also
expanded with regard to ω as follows:
N =
∞∑
n=0
ωnNn. (B16)
If the angular velocities are the same for both CW and
CCW rotations, the torque N should be an odd function
with regard to ω.
The torque N0 originating from the surface tension
γ(u0(r)) has already been calculated in Eq. (B8). Here,
the torque N2 originating from the surface tension
γ(ω2u2(r)) is calculated:
N2 =− ω
2Γ
∫
Ω(θc)
r
′ ×∇′u2(r
′)dr′
=− ω2Γ
∫
Ω(θc)
r
′ ×∇′
(∫
R2
G(r′′ − r′)
∂
∂θ′′
∫
R2
G(r′′′ − r′′)
∂
∂θ′′′
∫
Ω(θc)
G(r′′′′ − r′′′)dr′′′′dr′′′dr′′
)
dr′
=− ω2Γ
∫
Ω(θc)
∫
R2
∫
R2
∫
Ω(θc)
r
′ ×∇′G(r′′ − r′)
∂
∂θ′′
G(r′′′ − r′′)
∂
∂θ′′′
G(r′′′′ − r′′′)dr′′′′dr′′′dr′′dr′
=− ω2Γ
∫
Ω(θc)
∫
R2
∫
R2
∫
Ω(θc)
∂
∂θ′
G(r′′ − r′)
∂
∂θ′′
G(r′′′ − r′′)
∂
∂θ′′′
G(r′′′′ − r′′′)dr′′′′dr′′′dr′′dr′.
By changing the variables of integration, we have
N2 =− ω
2Γ
∫
Ω(θc)
∫
R2
∫
R2
∫
Ω(θc)
∂
∂θ′′′′
G(r′′′ − r′′′′)
∂
∂θ′′′
G(r′′ − r′′′)
∂
∂θ′′
G(r′ − r′′)dr′dr′′dr′′′dr′′′′.
By using the relations ∂θ′G(r
′′ − r′) = −∂θ′′G(r
′′ − r′) and G(r′′ − r′) = G(r′ − r′′), we have
N2 =ω
2Γ
∫
Ω(θc)
∫
R2
∫
R2
∫
Ω(θc)
∂
∂θ′′′
G(r′′′ − r′′′′)
∂
∂θ′′
G(r′′ − r′′′)
∂
∂θ′
G(r′ − r′′)dr′dr′′dr′′′dr′′′′
=ω2Γ
∫
Ω(θc)
∫
R2
∫
R2
∫
Ω(θc)
∂
∂θ′′′
G(r′′′′ − r′′′)
∂
∂θ′′
G(r′′′ − r′′)
∂
∂θ′
G(r′′ − r′)dr′dr′′dr′′′dr′′′′
=−N2.
Thus, the torque proportional to ω2 should be zero. Such calculation can be done in a parallel way for the even-
9number order of ω. Therefore, if the camphor molecules
are supplied constantly in the area of the rotor Ω(θc), the
torques originating from the surface tension should be the
same for CW and CCW rotations, even though the shape
is chirally asymmetric. Thus, we should consider other
asymmetries in our system to explain the imperfection of
the bifurcation structure.
[1] S. Ramaswamy, Annu. Rev. Condens. Matter Phys. 1,
323 (2010).
[2] M. C. Marchetti, J. F. Joanny, S. Ramaswamy, T. B. Liv-
erpool, J. Prost, M. Rao, and R. A. Simha, Rev. Mod.
Phys. 85, 1143 (2013).
[3] S. Michelin, E. Lauga, and D. Bartolo, Phys. Fluid 25,
061701 (2013).
[4] V. Pimienta and C. Antoine, Curr. Opin. Colloid Inter-
face Sci. 19, 290 (2014).
[5] C. Bechinger, R. Di Leonardo, H. Lo¨wen, C. Reichhardt,
G. Volpe, and G. Volpe, Rev. Mod. Phys. 88, 045006
(2016).
[6] T. Ohta, J. Phys. Soc. Jpn. 86, 072001 (2017).
[7] Y. Sumino, N. Magome, T. Hamada, and K. Yoshikawa,
Phys. Rev. Lett. 94, 068301 (2005).
[8] F. Domingues Dos Santos and T. Ondarc¸uhu, Phys. Rev.
Lett. 75, 2972 (1995).
[9] K. Nagai, Y. Sumino, H. Kitahata, and K. Yoshikawa,
Phys. Rev. E 71, 065301 (2005).
[10] T. Toyota, N. Maru, M. M. Hanczyc, T. Ikegami, and
T. Sugawara, J. Am. Chem. Soc. 131, 5012 (2009).
[11] Z. Izri, M. N. van der Linden, S. Michelin, and O. Dau-
chot, Phys. Rev. Lett. 113, 248302 (2014).
[12] S. Tanaka, Y. Sogabe, and S. Nakata, Phys. Rev. E 91,
032406 (2015).
[13] A. Bouillant, T. Mouterde, P. Bourrianne, A. Lagarde,
C. Clanet, and D. Que´re´, Nat. Phys. 14, 1188 (2018).
[14] J. R. Howse, R. A. L. Jones, A. J. Ryan, T. Gough,
R. Vafabakhsh, and R. Golestanian, Phys. Rev. Lett. 99,
048102 (2007).
[15] I. Lagzi, S. Soh, P. J. Wesson, K. P. Browne, and
B. A. Grzybowski, J. Am. Chem. Soc. 132, 1198 (2010).
[16] H. Jin, A. Marmur, O. Ikkalaa, and R. H. A. Ras, Chem.
Sci. 3, 2526 (2012).
[17] K. K. Dey and A. Sen, J. Am. Chem. Soc. 139, 7666
(2017).
[18] S. J. Kang, S. Sur, J. P. Rothstein, and H. Masoud, Phys.
Rev. Fluids 5, 084004 (2020).
[19] K. Nishi, K. Wakai, T. Ueda, M. Yoshii, Y. S. Ikura,
H. Nishimori, S. Nakata, and M. Nagayama, Phys. Rev.
E 92, 022910 (2015).
[20] Y. Matsuda, K. Ikeda, Y. Ikura, H. Nishimori, and
N. J. Suematsu, J. Phys. Soc. Jpn. 88, 093002 (2019).
[21] N. J. Suematsu, Y. Ikura, M. Nagayama, H. Kitahata,
N. Kawagishi, M. Murakami, and S. Nakata J. Phys.
Chem. C 114, 9876 (2010).
[22] K. Iida, N. J. Suematsu, Y. Miyahara, H. Kitahata,
M. Nagayama, and S. Nakata, Phys. Chem. Chem. Phys.
12, 1557 (2010).
[23] M. Nagayama, S. Nakata, Y. Doi, and Y. Hayashima,
Physica D 194, 151 (2004).
[24] Y. Koyano, T. Sakurai, and H. Kitahata, Phys. Rev. E
94, 042215 (2016).
[25] Y. Koyano, N. J. Suematsu, H. Kitahata, Phys. Rev. E
99, 022211 (2019).
[26] S. H. Strogatz, Nonlinear Dynamics and Chaos: With
Applications to Physics, Biology, Chemistry, and Engi-
neering, Second Edition (CRC Press, 1994).
[27] K. Ikeda and S-I. Ei, RIMS Kokyuroku 2063, 59 (2018).
[28] V. Pimienta, M. Brost, N. Kovalchuk, S. Bresch, and
O. Steinbock, Angew. Chem. Int. Ed. 50, 10728 (2011).
[29] F. Takabatake, K. Yoshikawa, and M. Ichikawa, J. Chem.
Phys. 141, 051103 (2014).
[30] N. Bassik, B. T. Abebe, and D. H.Gracias, Langmuir 24,
12158 (2008).
[31] Y. Koyano, M. Gryciuk, P. Skrobanska, M. Malecki,
Y. Sumino, H. Kitahata, and J. Gorecki, Phys. Rev. E
96, 012609 (2017).
[32] Y. Koyano, H. Kitahata, M. Gryciuk, N. Akulich,
A. Gorecka, M. Malecki, and J. Gorecki, Chaos 29,
013125 (2019).
[33] H. Morohashi, M. Imai, and T. Toyota, Chem. Phys. Lett.
721, 104 (2019).
[34] S. Nakata, Y. Iguchi, S. Ose, M. Kuboyama, T. Ishii, and
K. Yoshikawa, Langmuir 13, 4454 (1997).
[35] T. Mitsumata, J. P. Gong, and Y. Osada, Polym. Adv.
Technol. 12, 136 (2001).
[36] M. Frenkel, G. Whyman, E. Shulzinger, A. Starostin, and
E. Bormashenko, Appl. Phys. Lett. 110, 131604 (2017).
[37] M. Frenkel, A. Vilk, I. Legchenkova, S. Shoval, and
E. Bormashenko, ACS Omega 4, 15265 (2019).
[38] F. Ku¨mmel, B. ten Hagen, R. Wittkowski, I. Buttinoni,
R. Eichhorn, G. Volpe, H. Lo¨wen, and C. Bechinger,
Phys. Rev. Lett. 110, 198302 (2013).
[39] M. Hayakawa, H. Onoe, K. H. Nagai, and M. Takinoue,
Micromachines 7, 229 (2016).
[40] W. Skey, Trans. Proc. R. Soc. New Zealand 11, 473
(1878).
[41] C. Tomlinson, Proc. R. Soc. London 11, 575 (1862).
[42] L. Rayleigh, Proc. R. Soc. London 47, 364 (1889).
[43] S. Nakata, M. Nagayama, H. Kitahata, N. J. Suematsu,
and T. Hasegawa, Phys. Chem. Chem. Phys. 17, 10326
(2015).
[44] H. Kitahata, Y. Koyano, K. Iida, and M. Nagayama,
in Self-organized motion: Physicochemical design based
on nonlinear dynamics, eds. S. Nakata, V. Pimienta,
I. Lagzi, H. Kitahata, and N. J. Suematsu (R. Soc.
Chem., Cambridge, 2019).
[45] Y. Karasawa, S. Oshima, T. Nomoto, T.Toyota, and
M. Fujinami, Chem. Lett. 43, 1002 (2014).
[46] Y. Karasawa, T. Nomoto, L. Chiari, T. Toyota, and
M. Fujinami, J. Colloid Interface Sci. 511, 184 (2018).
[47] N. J. Suematsu, T. Sasaki, S. Nakata, and H. Kitahata,
Langmuir 30, 8101 (2014).
[48] Y. Hayashima, M. Nagayama and S. Nakata, J. Phys.
Chem. B, 105, 5353 (2001).
[49] X. Chen, S-I. Ei and M. Mimura, Netw. Heterog. Media,
4, 1 (2009).
[50] S. Nakata, M. I. Kohira and Y. Hayashima, Chem. Phys.
Lett., 322, 419 (2000).
10
[51] M. Shimokawa, M. Oho, K. Tokuda, and H. Kitahata,
Phys. Rev. E 98, 022606 (2018).
[52] K. Ikeda, S.-I. Ei, M. Nagayama, M. Okamoto, and
A. Tomoeda, Phys. Rev. E 99, 062208 (2019).
[53] S. Soh, K. J. M. Bishop, and B. A. Grzybowski, J. Phys.
Chem. B 112, 10848 (2008).
[54] Y. S. Ikura, E. Heisler, A. Awazu, H. Nishimori, and
S. Nakata, Phys. Rev. E 88, 012911 (2013).
[55] S.-I. Ei, H. Kitahata, Y. Koyano, and M. Nagayama,
Physica D 366, 10 (2018).
[56] https://imagej.nih.gov/ij/
[57] H. Kitahata and N. Yoshinaga, J. Chem. Phys. 148,
134906 (2018).
[58] H. Kitahata and Y. Koyano, J. Phys. Soc. Jpn. 89,
094001 (2020).
